1. Introduction {#s0005}
===============

Recent advances in medicine and science have led to the homo-hundred era, in which excess environmental and industrial advancements have exposed people to viral infections, such as Middle East respiratory syndrome, and harmful environments, such as fine dust. Therefore, there is growing interest in the development of drugs, drinks, and functional foods using natural substances with few side effects ([@b0075]). As an essential element in the healthy lifestyle of modern individuals, the importance of immunity has been recognized; accordingly, there has been a recent increase in the consumption of health functional foods that assist in enhancing immunity.

*Rhodiola crenulata*, which is found in the alpine regions of Northeast Asia, Central Asia, North America, and Northern Europe, is a perennial herb of Angiospermae order, Crassulaceae family, and *Rhodiola* genus, and its roots and stems are used as medicines. In Europe and Asia, *R. crenulata* is a traditional drug with efficacy in stimulating the nervous system, reducing depression, enhancing work capacity, promoting fatigue recovery, and preventing altitude sickness ([@b0085], [@b0105], [@b0125]). Unofficially, *R. crenulata* has been used as a fever reducer, sedative, and astringent and has been reported to show antioxidant, anti-inflammatory, antidiabetic, and liver toxicity protection activities ([@b0050], [@b0120], [@b0200], [@b0215]). Recently, researchers have reported that *R. crenulata* has additional beneficial effects, including antioxidant activity ([@b0100]) and protection against neuron damage ([@b0140]). The main components mediating these effects are salidroside and tyrosol.

*Panax quinquefolius* is known to have various pharmacological properties, including effects in the cardiovascular and central nervous systems as well as antidiabetic, antitumor, and immunoregulatory effects. Accordingly, *P quinquefolius* is one of the most commonly consumed herbs in the United States of America and is widely used as a commercial material for ginseng products ([@b0005], [@b0015], [@b0065]).

*Astragalus membranaceus* is a representative drug used to sustain energy and is known to have several important properties, including warmth, sweetness, and lack of toxins. In oriental medicine, *A. membranaceus* is used to enhance brain function, improve diuresis, increase strength, and prevent gastrointestinal cancers and has been reported to have anti-inflammatory, strength-enhancing, blood glucose level-reducing, immune-enhancing, antitumor, and blood pressure-reducing effects in pharmacological experiments ([@b0020], [@b0095], [@b0175]).

Herbal and oriental medicines consist of many medicinal herbs, in contrast to synthetic drugs, and many substances interact to exhibit medicinal effects. The most notable examples include gumiganghwal-tang ([@b0110], [@b0145]), which is used to treat cold and infections, and Sipjjeondaebotang, which is used to treat weak blood flow and cold sweat ([@b0155]). In products with more than one substance, it is difficult to optimize the appropriate component ratios during mixture experiments because the substances often bind to each other to produce independent effects or interact to form a single product. The mixture design method is an experiment used to identify substances that exhibit significant effects on the targeted dependent variable and results in maximum or minimum reaction in mixture extract experiments; this method is also commonly used to determine the optimum mixing ratio ([@b0055]).

In this study, we used the mixture design method for functional extract development to identify the optimum mixing ratio of these three commonly used herbs in order to enhance extract yield and immune activity. We then verified the predictions and evaluated the immune-enhancing effects of the optimum mixture extract in an animal model.

2. Materials and methods {#s0010}
========================

2.1. Materials {#s0015}
--------------

*A. crenulata*, *P. quinquefolia*, and *A. membranaceus* were provided by Dalian University, China in April 2016. The samples were pulverized with a grinder, followed by filtration through 60 mesh.

2.2. Experimental design for optimization of the mixing ratio {#s0020}
-------------------------------------------------------------

Planning, data analysis, and optimization were conducted using MINITAB 17 software (Minitab Inc., State College, PA, USA), and the mixture design was the simplex centroid design. Independent variables were *R. crenulata*, *A. membranaceus*, and *P. quinquefolia*, and 10 experimental points at the axis and centroids were set. The extract yield and amounts of nitric oxide (NO) and interleukin (IL)-6 produced by macrophages were measured for each extract. Activated macrophages, T lymphocytes, and NK cells mainly produce cytokines such as TNF-α, IL-6, and IL-1β, and they play important roles in the cellular immune process by promoting the elimination of abnormal cells ([@b0135]). Therefore, NO or IL-6 were considered as the dependent variables of extracts from 10 experimental points in this study. The mixing ratio of the experimental points is shown in [Table 1](#t0005){ref-type="table"} , and all experimental orders were conducted at random to reduce error from division.Table 1Matrix of the simple centroid mixture design and experiment data of extraction yield, NO production and IL-6 production.RunIndependent variables[a](#tblfn1){ref-type="table-fn"}Response variables[b](#tblfn2){ref-type="table-fn"}*X~1~X~2~X~3~Y~1~*[c](#tblfn3){ref-type="table-fn"}*Y~2~*[c](#tblfn3){ref-type="table-fn"}*Y~3~*[c](#tblfn3){ref-type="table-fn"}11.000.000.0026.7 ± 0.533.3 ± 1.422.3 ± 0.520.001.000.0047.3 ± 0.12.2 ± 0.70.8 ± 0.230.000.001.0056.6 ± 1.13.8 ± 0.51.0 ± 0.340.500.500.0033.5 ± 0.121.8 ± 1.28.7 ± 1.150.500.000.5030.3 ± 0.19.6 ± 0.44.4 ± 0.660.000.500.5051.7 ± 0.42.4 ± 0.60.7 ± 0.170.330.330.3335.4 ± 0.12.9 ± 0.71.4 ± 0.480.670.170.1728.5 ± 0.125.2 ± 1.111.8 ± 0.390.170.670.1741.8 ± 0.21.2 ± 0.40.8 ± 0.2100.170.170.6744.0 ± 0.61.0 ± 0.21.4 ± 0.5[^1][^2][^3]

2.3. Extraction at 10 experimental points {#s0025}
-----------------------------------------

*R. crenulata*, *A. membranaceus*, and *P. quinquefolia* were mixed at different ratios based on the design condition ([Table 1](#t0005){ref-type="table"}) and subjected to hot water extraction using distilled water in a 60 °C shaking incubator for 24 h. Each extract was centrifuged (6500*g*, 10 min, 4 °C), and the obtained supernatant was filtered and freeze-dried. The optimum mixing ratio extract (OMRE) produced by mixture design was used for the animal experiments.

2.4. Cell culture {#s0030}
-----------------

RAW 264.7 murine macrophages were purchased from the Korean Cell Line Bank (KCLB, Seoul, Korea) and cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (FBS), penicillin (100 U/mL), and streptomycin sulfate (100 µg/mL) at 37 °C in a humidified incubator (5% CO~2~).

2.5. Measurement of NO {#s0035}
----------------------

The presence of nitrite, a stable oxidized product of NO, was determined in cell culture medium using Griess reagent. RAW 264.7 macrophages (1 × 10^5^ cells/mL) were cultured in 24-well plates and stimulated with extracts from 10 experimental points (at a concentration 200 μg/mL) for 24 h. One hundred microliters of culture supernatant was collected and mixed with an equal volume of Griess reagent (0.1% N-\[1-naphthyl\] ethylenediamine dihydrochloride, 1% sulfanilamide, and 2.5% H~3~PO~4~). After incubation for 15 min, the optical density (OD) was measured at 540 nm using a microplate reader. Nitrite concentrations in the supernatants were determined by comparison with a sodium nitrite standard curve. NO production by 10 extracts from cells treated with different mixing ratios is presented as the percentage of NO production in the lipopolysaccharide (LPS)-induced control.

2.6. Determination of IL-6 production {#s0040}
-------------------------------------

RAW 264.7 macrophages (1 × 10^5^ cells/mL) were cultured in 24-well plates and stimulated with extracts from 10 experimental points (at a concentration 200 μg/mL). Supernatants were collected after 24 h, and IL-6 levels were determined using a mouse IL-6 enzyme-linked immunosorbent assay (ELISA) kit (BD OptEIA; BD Biosciences Pharmingen, San Diego, CA, USA) according to the manufacturer's protocols. IL-6 production by 10 extracts from cells treated with different mixing ratios is presented as the percentage of IL-6 production in the LPS-induced control.

2.7. Animals and treatments {#s0045}
---------------------------

Male BALB/c mice (8 weeks old) were purchased from the Center of Experimental Animals of Yanbian Medical College of Yanbian University (Yanji, Jilin, China). The mice were kept in microisolator cages and received food and water ad libitum. The laboratory temperature was 24 ± 1 °C, and the relative humidity was 40--60%. Before experimentation, the mice were allowed to adapt to the experimental environment for a minimum of 1 week. All experiments were performed in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. The experimental procedures were approved by the Ethical Committee for the Experimental Use of Animals at Yanbian University (Yanji, Jilin, China). The mice were randomly divided into four groups (10 mice in each group). From days 1 to 30, the four different groups of mice were orally treated the following: control group, saline; OMRE groups, 100 or 200 mg/kg body weight OMRE; and positive control group, 100 mg/kg body weight CVT-E002 (an immunostimulatory polysaccharide-rich extract of the root of North American ginseng \[*P. quinquefolius*\]) ([@b0030]), daily. At 24 h after the last administration, mice were weighed and sacrificed by cervical dislocation. The spleens were immediately removed and weighed. The spleen index was calculated as the spleen weight divided by the body weight. Spleen samples were used for splenocyte proliferation.

2.8. Splenocyte proliferation assay and cytokine measurements {#s0050}
-------------------------------------------------------------

Spleens were washed with RPMI 1640 medium and passed through a 200-mesh stainless steel sieve to obtain a homogeneous cell suspension. The spleen cell suspension was washed twice with RPMI 1640-FBS (containing 10% FBS), and the recovered spleen cells were resuspended in Tris-buffered ammonium chloride solution (NH~4~Cl, pH 7.2) for 5 min to remove erythrocytes. After centrifugation, harvested spleen cells were resuspended in RPMI 1640-FBS, and the cell numbers were measured with a hemocytometer using trypan blue dye exclusion. Spleen cells were seeded in 96-well plates (3.0 × 10^5^ cells/well) for cell proliferation assays with mitogens, concanavalin A (Con A; 5 μg/mL), or LPS (10 μg/mL), respectively. After incubation, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (0.5 mg/mL) was added to each well, and plates were incubated for 4 h, after which dimethylsulfoxide solution was added to resolve formazan. The absorbance was measured in a microplate reader (Molecular Devices, Sunnyvale, CA, USA) at 540 nm. IL-6 and IL-10 levels in mitogen-induced T- or B-lymphocyte culture media were quantified using ELISA kits, according to the manufacturer's instructions (R&D Systems, Minneapolis, MN, USA).

2.9. Mouse T-cell purification and stimulation for proliferation {#s0055}
----------------------------------------------------------------

Total T cells were isolated from cell suspensions of ground mice spleens by negative selection using the Dynabeads® Untouched™ mouse T cell kit (Invitrogen Life Technologies, Carlsbad, CA, USA). The mouse depletion Dynabeads were washed with isolation buffer (phosphate buffered saline (PBS) containing 0.1% bovine serum albumin (BSA) and 2 mM ethylenediaminetetraacetic acid). Splenocytes were incubated with an antibody mix containing a cocktail of rat IgGs that bind to mouse B cells, NK cells, monocytes/macrophages, dendritic cells, erythrocytes, and granulocytes. The splenocytes were washed with isolation buffer and centrifuged at 350*g* for 8 min at 4 °C. After centrifugation, the supernatant was discarded and the pellets were resuspended and incubated with mouse depletion Dynabeads for 15 min at 25 °C with gentle tilting and rotation. T cells were immuno-magnetically separated from the remaining spleen cells using a DynaMag™-15 magnet (Invitrogen Life Technologies). The supernatant was collected as the untouched T cells fraction. Naïve T cells were stimulated with various concentrations of OMRE (50, 100, or 200 μg/mL) and Dynabeads mouse T-activator CD3/CD28 (Invitrogen Life Technologies) in a humidified CO~2~ incubator at 37 °C for 72 h. The total number of viable cells was determined using the CellTiter 96® aqueous non-radioactive cell proliferation assay (Promega, UK). IL-2 and INF-γ levels in activated T cell culture media were quantified using ELISA kits according to the manufacturer's instructions (R & D Systems, Minneapolis, MN, USA).

2.10. High-performance liquid chromatography (HPLC) analysis {#s0060}
------------------------------------------------------------

Various concentrations of salidroside, ginsenoside Rb~1~, and formonetin were used as standard indices to appraise the quality of *Rhodiola crenulata*, *Panax quinquefolius* L., and *Astragalus membranaceus*, respectively ([@b0010], [@b0070], [@b0165], [@b0185], [@b0190], [@b0195], [@b0205]). Three representative compounds in the extracts from 10 experimental points were identified and quantified by HPLC. The HPLC system consisted of a JASCO PU-2089 pump, JASCO AS-2057 auto injector, and JASCO ultraviolet (UV)-2075 plus Intelligent UV/VIS detector (JASCO Corp., Tokyo, Japan). Data collection and analysis was performed using the Jasco ChromPass chromatography software.

For salidroside, separation was achieved using a Shiseido Capcell PAK C18 column (5 μm, 4.6 mm × 250 mm, Tokyo, Japan) and the column temperature was maintained at 30 °C. The isocratic mobile phase was pumped at a flow rate of 1.0 mL/min, and consisted of freshly prepared 20% methanol filtered through a 0.45 μm filter and degassed by sonication for 15 min prior to use. The injection volume was 20 μL and the detection wavelength was set at 278 nm.

For formononetin, a linear gradient profile was used as follows: water (containing 0.1% phosphoric acid), acetonitrile 97:3 v/v (0--3 min), 97:3--82:18 (3--30 min), and 50:50% (30--60 min) at a flow-rate of 0.8 mL/min. The volume injected was 20 μL. Separation was performed at 35 °C and the detection wavelength was set at 230 nm.

For ginsenoside Rb~1~, a comparative analysis was performed using a Waters SunFire C18 column (5 µm, 250 mm × 4.6 mm, Milford, MA, USA) and UV absorption was measured at 203 nm. The mobile phase consisted of solvent I (acetonitrile) and solvent II (water). A gradient procedure was used as follows: 0--20 min, 20--22% I, 80--78% II; 20--45 min, 22--46% I, 78--54% II; 45--50 min, 46--55% I, 54--45% II; 50--55 min, 55--100% I, 45--0% II; 55--60 min, 100--20% I, 0--80% II. The flow rate was maintained at 1.0 mL/min.

For phenolic and flavonoid compounds in OMRE, an analytical HPLC system was employed, which consisted of a JASCO high-performance liquid chromatograph coupled with a UV--visible multiwavelength detector (MD-910 JASCO). HPLC was operated under the following conditions: YMC-Pack ODS-AM, 250 mm × 4.6 mm, 5 μm column (YMC-Europe, Schermbeck, Germany), column oven temperature 35 °C, and detection at 285 nm. A gradient solvent system consisting of 0.1% acetic acid in water (solvent A) and 0.1% acetic acid in acetonitrile/water (solvent B) was used as follows: 0--1 min, 12% B; 1--18 min, 22% B; 18--28 min, 28% B; 28--35 min, 38% B; 35--48 min, 48% B; 48--54 min, 68% B; 54--60 min, 100% B; 60--67 min, 12%. The flow rate was 1.0 mL/min and the injection volume was 20 μL. The identification of each compound was based on a combination of retention time and spectral matching.

2.11. Statistical analysis {#s0065}
--------------------------

All data are presented as the mean ± standard deviation. Data were analyzed using one-way analysis of variance, followed by Duncan's multiple range test to detect intergroup differences using SPSS software version 20.0 (SPSS Inc., Armonk, NY, USA). Differences with *p* values of less than 0.05 were considered statistically significant.

3. Results and discussion {#s0070}
=========================

3.1. Experimental design for optimizing the ingredient mixing ratio {#s0075}
-------------------------------------------------------------------

Experimental points are shown in [Fig. 1](#f0005){ref-type="fig"} , and extract yields for 10 extracts with different mixing ratios and amounts of NO and IL-6 produced in RAW 264.7 cells are shown in [Table 1](#t0005){ref-type="table"}. NO and IL-6 production levels for 10 extract mixtures are presented as the percentage of NO and IL-6 production in the LPS-induced control, respectively. The amounts of NO and IL-6 were 1.0--33.3% and 0.7--22.3%, respectively, and the extract yield was 26.7--56.6%.Fig. 1A simplex centroid design with 10 design points used in the mixture experiment. Basic mixture design for three components representing the three vertices (points 1, 2 and 3), the axial blends (points 4, 5, 6), the centroids of constraint planes (points 7, 8 and 9) and the overall center point (point 10).

3.2. Results of regression analysis for the yield of the extract mixture {#s0080}
------------------------------------------------------------------------

Regression analysis results of the extract yield using mixture design analysis are shown in [Supplementary Table S1](#s0125){ref-type="sec"}. The coefficient of determination (R^2^) for the extract yield model was 99.85%, and the adjusted R square (adj R^2^) was 99.65%, reflecting the suitability of the model ([Supplementary Table S1](#s0125){ref-type="sec"}). The suitability of the model is an essential part of data analysis components, and thus, variance analysis was conducted as shown in [Supplementary Table S1](#s0125){ref-type="sec"} to verify not only the suitability of the reaction model, but also the significance and coefficient of each term ([Supplementary Table S1](#s0125){ref-type="sec"}). From interacting terms, *p* values of *R. crenulata* × *A. membranaceus* and *R. crenulata* × *P. quinquefolia* were 0.004 and 0.0001, respectively, reflecting the greatest significance in the reaction model of this experiment. The contour lines for the mixture showed a decreasing trend in yield with an increase in the mixing ratio of *R. crenulata* and in contrast, an increasing trend in the yield with increases in the mixing ratios of *P. quinquefolia* and *A. membranaceus* ([Fig. 2](#f0010){ref-type="fig"} A).Fig. 2Mixture contour plots and three-dimensional surface plots showing the interaction effect between three components (*Rhodiola crenulata, Panax quinquefolius, and Astragalus membranaceus*): (A) extraction yield, (B) NO production and (C) IL-6 production. Contour plots are shown on the left and three-dimensional surfaces are shown on the right.

3.3. Results of regression analysis for the amounts of NO and IL-6 produced by the extract mixtures {#s0085}
---------------------------------------------------------------------------------------------------

The results of regression analysis for the amount of NO produced using the mixture design analysis are shown in [Supplementary Table S2](#s0125){ref-type="sec"}. The R^2^ for the NO production model was 92.85%, and the adj R^2^ was 83.91%, reflecting the suitability of the model ([Supplementary Table S2](#s0125){ref-type="sec"}). The suitability of the model is an essential part of data analysis; thus, variance analysis was conducted as shown in [Supplementary Table S2](#s0125){ref-type="sec"} to verify not only the suitability of the reaction model but also the significance and coefficient of each term. In interacting terms, all *p* values were higher than 0.05 and thus were not statistically significant, reflecting the lack of interaction between independent variables. The contour lines for NO production by mixture showed an increasing trend in the production of NO, an immunologic factor, as the mixing ratio of *R. crenulata* increased, but a decreasing trend in NO production as the mixing ratios of *P. quinquefolia* and *A. membranaceus* increased, suggesting that *A. membranaceus* and *P. quinquefolia* did not greatly affect NO production compared with *R. crenulata* ([Fig. 2](#f0010){ref-type="fig"}B). The results of regression analysis for IL-6 production are shown in [Supplementary Table S3](#s0125){ref-type="sec"}. The R^2^ for the IL-6 production model was 98.61%, and the adj R^2^ was 96.87%, reflecting the suitability of the model ([Supplementary Table S3](#s0125){ref-type="sec"}). The suitability of the model was further verified with variance analysis as shown in [Supplementary Table S3](#s0125){ref-type="sec"} to verify not only the suitability of the reaction model but also the significance and coefficient of each term ([Supplementary Table S3](#s0125){ref-type="sec"}). From interacting terms, the *p* value for *R. crenulata* × *P. quinquefolia* was 0.006, reflecting the greatest significance in the reaction model for this experiment. The contour lines for IL-6 production showed an increasing trend in the production of IL-6, an important cytokine in the immune response, as the mixing ratio of *R. crenulata* increased, but a decreasing trend in IL-6 production as the mixing ratios of *P. quinquefolia* and *A. membranaceus* increased, suggesting that *A. membranaceus* and *P. quinquefolia* did not greatly affect IL-6 production compared with *R. crenulata* ([Fig. 2](#f0010){ref-type="fig"}C).

3.4. Optimization of the mixture {#s0090}
--------------------------------

It is necessary to determine the optimum mixing ratio for each ingredient to obtain complex extracts with high extraction yields and immune-enhancing activity in order to support the commercial use and economic feasibility of the product. To determine the optimum mixing ratios of *R. crenulata*, *A. membranaceus*, and *P. quinquefolia*, a reaction optimization tool was used in the mixture design. The optimization technique in the mixture design is a method to find the optimum level of factors by gradually moving towards the optimized direction through calculation of response variable values for the experimental point at each stage. By setting extract yields and amounts of NO and IL-6 produced by macrophages to the maximum, the determined reaction equation from the model was used to predict the satisfying numerical point. The predicted optimum values of the mixing ratio to obtain complex extracts with high extract yield, as well as immune enhancing activity, were 49.5% for *R. crenulata*, 26.1% for *A. membranaceus*, and 24.4% for *P. quinquefolia*, and the predicted response values based on the determined mixing ratios were 31.5% yield, 13.4% NO production, and 6.1% IL-6 production ([Fig. 3](#f0015){ref-type="fig"} ). To verify the predicted response values, extracts, referred to as the OMRE consisting of 50% *R. crenulata*, 26% *A. membranaceus*, and 24% *P. quinquefolia* were prepared, and 35.3% yield, 14.7% NO production, and 6.6% IL-6 production were obtained. In order to identify the substances that significantly affected the response variables and optimum mixing ratios to satisfy the response variables, we used mixture design. Our findings could be used to develop functional drinks with high added value in the food industry. Moreover, *R. crenulata*, which has various physiological activities, could show greater value in improving food quality by mixing *R. crenulata* with *A. membranaceus* and *P. quinquefolia* to develop a complex extract. Recent studies have reported the optimum mixing ratios for *Petasites japonicus*, *Luffa cylindrica*, and *Houttuynia cordata* mixture to treat respiratory diseases ([@b0090]), and a mixture design has been used to optimizing the mixing ratio in Chinese quince jam production ([@b0130]).Fig. 3Mixture design optimization plot for extraction yield, NO production and IL-6 production.

3.5. Effects of OMRE on the spleen index and splenic lymphocyte proliferation in mice {#s0095}
-------------------------------------------------------------------------------------

The spleen is an important immune organ and is critical for the nonspecific immunity of organisms ([@b0045]). Immune stimulators can increase spleen weights ([@b0040]). Here, mice were treated with the OMRE by oral administration at 100 or 200 mg/kg, and the effects of OMRE on the spleen index are presented in [Fig. 4](#f0020){ref-type="fig"} A. When the mice were treated with OMRE at 200 mg/kg, the spleen index was significantly increased compared with that of the control group. The spleen index tended to increase when used at the lower dose as well (100 mg/kg); however, this difference was not statistically significant ([Fig. 4](#f0020){ref-type="fig"}A). CVT-E002, an immunostimulatory polysaccharide-rich extract from the roots of North American ginseng (*P. quinquefolium*), was used as a positive control ([@b0030]). The proliferation of splenic cells is one of the most important steps in the activation of cell-mediated or humoral immunity ([@b0210]). Splenic cell proliferation in mice treated with OMRE is presented in [Fig. 4](#f0020){ref-type="fig"}B and C. Con A and LPS were used to stimulate T- and B-lymphocyte proliferation, respectively ([@b0035]). T- and B-lymphocyte proliferation was increased in the OMRE-treated group compared with that in the negative control group. Splenic cell proliferation capacity has been widely used as a method to screen for new immune stimulators because cell division and DNA synthesis can be stimulated by various antigens, mitogens, and cytokines ([@b0115]). In this study, administration of OMRE increased the mitogen-stimulated proliferation of splenic cells in mice. These results suggested that OMRE activated mouse lymphocytes.Fig. 4Effects of OMRE on (A) spleen index, (B) Con A-induced T-lymphocyte and (C) LPS-induced B-lymphocyte proliferations in mice. The data represent the mean ± S.D. (n = 10). CON, saline-treated group; PC, CVT-E002™ (100 mg/kg) treated group (positive control); OMRE, optimum mixing ratio extract-treated group. Values with the different letters are significantly different (*p* \< .05).

3.6. Cytokine production in mitogen-induced splenocytes {#s0100}
-------------------------------------------------------

OMRE treatment significantly increased IL-10 cytokine levels in Con A-induced T lymphocytes by stimulation of T cells ([Fig. 5](#f0025){ref-type="fig"} A). IL-10 may act in an autocrine manner to suppress antigen-presenting cell (APC) pro-inflammatory responses, act directly on effector T cells to limit their proliferation and function, or promote the differentiation of naive T cells into regulatory populations ([@b0060]). In LPS-induced B-lymphocyte supernatants, the amount of IL-10 was increased by OMRE treatment ([Fig. 5](#f0025){ref-type="fig"}A). Most cytokines with B-cell growth factor activity *in vitro*, including IL-2, IL-4, and IL-10, are also able to induce partial differentiation of B cells into plasma cells secreting Ig ([@b0025]). IL-10 is the most potent B-cell differentiation factor, inducing complete differentiation of B cells into mature plasma cells in association with CD40 activation ([@b0170]). As shown in [Fig. 5](#f0025){ref-type="fig"}B, treatment with OMRE at 200 mg/kg significantly increased IL-6 production in Con A- or LPS-stimulated splenocytes supernatants. IL-6 stimulates the terminal differentiation of B cells into plasma cells and plays a central role in fever and acute phase responses ([@b0150], [@b0180]). IL-6 is secreted by T cells and macrophages to stimulate immune responses and promotes T-cell proliferation, T helper cell differentiation, and T cell-mediated cytotoxicity by CD81 cells. Moreover, IL-6 synergizes with IL-1β in the development of cell-mediated immune responses ([@b0080], [@b0160]).Fig. 5Effects of OMRE on (A) IL-10 production and (B) IL-6 production in Con A- or LPS-stimulated T- and B-lymphocytes. Data were expressed as mean ± SD. CON, saline-treated group; PC, CVT-E002™ (100 mg/kg) treated group (positive control); OMRE, optimum mixing ratio extract-treated group. Values with the different letters are significantly different (*p* \< .05).

3.7. Effects of OMRE on the proliferation and production of IL-2 and IFN-γ in activated mouse T cells {#s0105}
-----------------------------------------------------------------------------------------------------

To investigate whether OMRE directly influenced proliferation as well as IL-2 and IFN-γ production, mouse T cells were isolated from spleen by magnetic sorting with Dynabeads and then stimulated with anti-CD3 plus anti-CD28. As shown in [Fig. 6](#f0030){ref-type="fig"} A, anti-CD3/CD28 co-stimulation significantly enhanced T-cell proliferation compared to the unstimulated control (CD3^−^/CD28^−^). Proliferation significantly increased when anti-CD3/CD28-activated T cells were treated with OMRE (50, 100, or 200 μg/mL). These results suggest that OMRE enhanced the proliferative capability of anti-CD3/CD28-stimulated T cells. Since OMRE increased the proliferation of anti-CD3/CD28-stimulated T cells, we investigated whether OMRE could affect IL-2 and IFN-γ production in these cells. OMRE significantly increased the production of IL-2 ([Fig. 6](#f0030){ref-type="fig"}B) and IFN-γ ([Fig. 6](#f0030){ref-type="fig"}C), the hallmark cytokines for Th1-type in anti-CD3/CD28- stimulated T cell.Fig. 6Effects of OMRE on the proliferation (A), IL-2 production (B), and IFN-γ production (C) in anti-CD3/CD28-stimulated T cells. Data were expressed as mean ± SD. Anti-CD3/CD28-activated T cells were treated with OMRE (50, 100 or 200 μg/mL) for 72 h. Cell proliferation was assessed using the MTS/PMS assay as described in materials and methods. Amounts of IL-2 and IFN-γ were measured by ELISA, respectively. Data were expressed as mean ± SD. Values with the different letters are significantly different (*p* \< .05).

4. Conclusions {#s0110}
==============

A mixture design method was applied to functional extract development to identify the optimum mixing ratio of these three commonly used herbs in order to enhance extract yield and immune activity. We then verified the predicted optimum values for the mixing ratio and evaluated the immune-enhancing effects of the optimum mixture extract in an animal model. To obtain complex extracts with high extract yield, as well as immune enhancing activity, the predicted optimum values of the mixing ratio were 49.5% for *R. crenulata*, 26.1% for *A. membranaceus*, and 24.4% for *P. quinquefolia*, and the predicted response values were 31.5% yield, 13.4% NO production, and 6.1% IL-6 production. To verify the predicted response values, complex extracts, designated the OMRE, were prepared, consisting of 50% *R. crenulata*, 26% *A. membranaceus*, and 24% *P. quinquefolia*, and 35.3% yield, 14.7% NO production, and 6.6% IL-6 production were obtained. The spleen index and T- and B-lymphocyte proliferation were significantly increased in mice treated with OMRE at 200 mg/kg compared with that of the control group. Treatment with OMRE increased IL-10 and IL-6 production in Con A- or LPS-stimulated T- and B-lymphocytes.
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[^1]: Independent variables: *X~1~*, *Rhodiola crenulata*; *X~2~*, *Panax quinquefolius*; *X~3~*, *Astragalus membranaceus*.

[^2]: Response variables: *Y~1~*, extraction yield; *Y~2~*, the percentage of NO production in the LPS-induced control; *Y~3~*, the percentage of IL-6 production in the LPS-induced control

[^3]: All values are mean ± SD of triplicate determinations.
